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The average abundance and range size of species are intimately linked. Almost without exception, locally abundant species are widespread, while locally rare species tend to be narrowly distributed (Brown 1984 , Lawton 1993 , Gaston 1994 , 1996 . A flurry of interest resulted in eight mechanisms being suggested to explain this relationship (Griffiths 1998 , Johnson 1998 , none of which has unequivocal support Lawton 1990, Gaston et al. 1997a, b) . These proposed mechanisms can be divided into two categories, artifactual and biological. Although the sampling artifact model has been used to explain some cases (Brown 1984 , Hanski et al. 1993 ), Gaston et al. (1997b) have argued that in other data sets the positive abundance-range size relationship is a real pattern.
Data quality is an important consideration when investigating abundance-range size relationships (Gaston and Blackburn 1996, Blackburn and . Typically, information on geographic ranges of species is unavailable, and distribution maps are often inaccurate (Gaston 1990, Hö gmander and Møller 1995) , party because the nature of many distribution maps is dictated by collectors' home ranges, species hot spots and political boundaries. Thus, it is unclear to what extent inferences can be made at different spatial scales (Gaston 1990, Dennis and Thomas 2000) . Furthermore, both abundance and range size are dynamic, whereas many atlas studies are built on the accumulation of observations over long periods of time, thereby obscuring any dynamics (Hanski et al. 1993 ). It is difficult to envisage means of solving the data quality problem, although there has been some progress in this area (Hö gmander and Møller 1995) . Nevertheless, Gaston (1990) argued that species range patterns are generally robust and appear to be unaffected by either scale or collecting method (see Gregory and Blackburn 1998) .
In this paper we test four of the eight mechanisms proposed for explaining the abundance-range size relationship: the sampling artifact, phylogenetic-non independence, range position and resource breadth hypotheses. We used comprehensive atlas data for ground beetles (Coleoptera, Carabidae) from Belgium, Denmark and the Netherlands.
The data, hypotheses and statistical analyses
Carabid atlases available for Belgium (Desender 1986a, b, c, d) , Denmark (Bangsholt 1983 ) and the Netherlands (Turin 2000) provide information on the number of grid cells within the country occupied by a species, i.e. the area of occupancy (Gaston 1991) , the number of records per species, species characteristics, and the position of species in relation to their European distribution (central or marginal). Belgian and Dutch grid cells were 10 ×10 km, while Danish grid cells were 9×8 km. With an appropriately sized grid system most species will occupy more than one grid cell (Simpson 1964) , and this condition was satisfied here. Here, range size is measured as the area of occupation in part of the European distribution of the species, rather than as the total area within which a species may occur.
The abundance of a species in a country was determined by counting the number of records of that species recorded in the atlas. Specimens of the same species, captured on a given day at the same site were counted as a single record, while specimens of the same species captured at different sites in the same grid cell, at the same site on different days, or in different grid cells, were counted as separate records (Turin 2000) . Carabid beetles are mainly collected by pitfall trapping, with this being supplemented by hand collecting (Lö vei and Sunderland 1996, Turin 2000) . Both methods may bias the data, for example pitfall traps will over-sample the more ground-active species. These biases will only be problematical for the analysis if they are correlated with the explanatory variables investigated. One clear example of this is the tolerance of species towards human environments (see below), because collectors are more likely to collect insects in their own home range.
The average abundance for each species was calculated by dividing the number of records by the number of grid cells in which the species was present. This approach avoids artifactual positive relationships be-tween abundance and range size resulting from the progressively greater contribution of zero abundance values to the mean abundances of species occurring at fewer and fewer sites (Gaston 1996) . With such data it is possible to determine and compare the abundancerange size relationships for each of the three countries, and to test the ability of the following four proposed mechanisms to explain these relationships.
The sampling artifact hypothesis
This hypothesis suggests that some grid cells are incorrectly marked as not being occupied by a species even though it was present. The effect of this is that range is underestimated (as some cells are occupied, but scored as empty), and average abundance is overestimated (as the number of observations -the number of occupied grid cells -is underestimated). One way to correct for this is to fit a model of the distribution of abundances, and use this to infer the number of grid cells in which a species occurs, but was not collected. A simple model would be a Poisson distribution, however, Hanski et al. (1993) argued that it is of little practical value as nearly all species show an aggregated spatial distribution at all spatial scales, and that a negative binomial distribution would be more appropriate.
For the Dutch data only, the distribution of records per grid cell was available. From this a truncated distribution (i.e. a distribution where the class of observations with no individuals is excluded) could be fitted and then used to estimate the expected number of grid cells in which the species is present, but not recorded. Initially, two distributions were fitted by maximum likelihood: a truncated Poisson distribution (Venables and Ripley 1999) and a truncated negative binomial distribution (Sampford 1955) . However, these distributions did not fit well to the data, an examination of which suggested that the number of grid cells in which a single recording was made was larger than might be expected. This pattern could occur if for some grid cells, collectors were recording the presence of a species in the grid and then not recording further occurrences of the species. In order to account for this, we fitted a mixture distribution consisting of a truncated Poisson (or negative binomial) distribution augmented by an extra term for the probability of observing a single record. The number of observations of a single record was therefore modelled so that a proportion is due to the Poisson (or negative binomial) distribution and the rest are the single records, where collectors did not report the species after the original report.
Augmented truncated Poisson and negative binomial distributions were fitted to the data by treating the proportion of observations of a single record arising from the Poisson (or negative binomial) part of the distribution as missing data, and then estimating this proportion using an EM algorithm (Dempster et al. 1977) . The EM algorithm works by iterating between two steps. Firstly, the maximum likelihood estimates of the parameters are found, given an estimate of the number of single records from the Poisson (or negative binomial) distribution. Then, the number of single records from the Poisson (or negative binomial) distribution is re-estimated, given the maximum likelihood estimates of the parameters. This is continued until the estimates converge. The corrected abundance was then regressed against the corrected range size, using the corrected range size as a weight (to overcome the problem that the variance decreases with increasing range size; see Fig. 1 ).
The phylogenetic non-independence hypothesis
This hypothesis predicts that there will be no abundance-range size relationship once the effects of phylogenetic relatedness among species has been removed (Gaston et al. 1997b ). According to this hypothesis both range size and local abundance are constrained and determined by phylogeny, meaning that there is less variation in abundance and range size within congeneric species than between them (Lawton 1993) . Controlling for this effect by examining relationships within each pair of taxa below a node in a bifurcating phylogeny (Gaston et al. 1997a ) was not possible as it requires a known phylogeny, which is not available for species of European carabid beetles (see Maddison et Fig. 1 . The relationship between abundance and partial range size for carabid species in Belgium, Denmark and the Netherlands. Symbols: = range edge species, =species with a more central distribution in the country involved. al. 1999). Instead, the genus of the species was entered into our models as a factor before range size, thereby removing the inter-genus effect first. Individual genera are considered to be relatively free of phylogenetic constraints (Harvey and Pagel 1991) .
The range position hypothesis
This hypothesis predicts that a positive abundancerange size relationship can result from a species' geographic position. If the abundance of a species declines towards the edges of its geographic range and the species only occupies a small proportion of the study area in the edges of its range, then a positive relationship between abundance and range size can result (Gaston et al. 1997b) . Here, range central and range edge carabids were defined visually by using the European distribution maps in Turin (2000) , and from range central-range edge classifications in the literature (Desender 1986a , b, c, d, Turin and Den Boer 1988 , Desender and Turin 1989 . A carabid species was classified as a range edge species when its European distribution ends within the country investigated and when it is clear that the centre of a species' range is outside the country investigated (see Fig. 2 in Hengeveld and Haeck 1982, Desender and Turin 1989) .
Weighted least squares regression was used (Draper and Smith 1998) to test the effects of both phylogeny and range position on the abundance-range size relationships, with range size being used as a weight, as above. Factors were entered into the analysis sequentially, entering range position (central or edge) and genus (Belgium =65 genera; Denmark =57; The Netherlands =67) first, and then entering Grids into the model. The Grids effect should be interpreted as the effect of Grids after the range position and genus effects have been taken into account. If the relationship was caused by either of these characteristics, range size would not be a good predictor of abundance after these factors had been included in the model.
The resource breadth hypothesis
The resource breadth hypothesis suggests that species having broader environmental tolerances and being able to use a wider range of resources will have higher local densities and be more widely distributed than more specialised species (Brown 1984) . In other words, generalists are both widely distributed and locally abundant, while specialists are geographically restricted and have low average abundance (Hanski et al. 1993) . Carabid ecological specialisation is defined along a continuum from strict specialists (species with small niche breadths occurring in only one or two habitat types) to generalists (species with wide niche breadths occurring in a variety of habitat types) (Dufrêne and Legendre 1997) . Although this definition attempts to clarify carabid specialisation, in reality it is not that straightforward as the term is traditionally defined quite loosely. For instance, even though habitat affinity is the main criterion, temperature, pH, light, soil and other microhabitat preferences are also taken into account (Thiele 1977 , J. Spence, L. Penev, K. Desender pers. comm.). The specialisation classifications obtained from the literature (see Table 1 ) are a function of a number of characteristics, some of which were difficult to quantify.
Furthermore, the reasoning may be circular, as the measurement of ecological specialisation may not be strictly independent of abundance or range size (Hanski et al. 1993) . Species found within small areas or only rarely collected are usually regarded as specialists, Table 1 . Carabid characteristics* used in the Generalized Linear Model. For visual purposes, both body size and specialisation were categorised (see Fig. 3 ), but were treated as variates in the models due to their continuous nature.
Carabid characteristic Factors Variates
Habitat Bangsholt (1983) , Lindroth (1985 Lindroth ( , 1986 , Desender (1986a, b, c, d) , Turin and Den Boer (1988) , Turin and Heijerman (1988) , Desender and Turin (1989) , Turin (2000) . whilst widespread and abundant species are likely to be studied more thoroughly, giving a skewed view of resource use by common species compared to rare ones. Nevertheless, we are confident that for carabid beetles, ecological specialisation is reasonably independent of abundance and range size, for two reasons. First, carabid ecological specialisation is primarily defined on the basis of habitat affinity and other microhabitat preferences (see above), and second, both professional and amateur collectors have been thorough in collecting carabid beetles in western Europe.
The resource breadth hypothesis can be tested by 1) showing that carabid generalists are more abundant and widespread than are specialists, and by 2) showing that carabids associated with human environments are more abundant and widespread than those that are not (this second test assumes that carabids found in human environments have, on average, broader environmental tolerances than species not typically found in human environments).
Three other carabid characteristics were analysed to determine if any of these contribute to the observed abundance-range size patterns, and, in particular, to examine their effects on ecological specialisation. These characteristics include length of flight wings (species with short, long or dimorphic wing forms), body size in millimetres, and habitat association (Table 1) . Habitat association is defined as the habitat type the species most frequently occurs in (Turin 2000) . It is weakly related to ecological specialisation because species associated with many habitat types are likely to be generalists, and those associated with one or a few habitat types are likely to be specialists (Table 1) . However, a carabid specialist (most species) can be associated with either woodland, grassland, riparian or coastal habitat types. By changing the order in which specialisation and habitat association are entered into a regression model, we can examine the extent to which each one explains the pattern observed.
In testing the resource breadth hypothesis a generalized linear model (McCullagh and Nelder 1989 ) was used to investigate the relationships between the carabid characteristics and range size in each country. The number of grid cells occupied by each species was modelled as a binomial distribution, with the explanatory variables included via a logit link function. Because of large residual deviances (overdispersion) the variance of each factor was compared to the residual deviance, which approximately follows an F-distribution under the null hypothesis that the factor does not have an effect. Spatial dependence between neighbouring grid cells is ignored in this analysis, even though it is likely to be present in this type of data (Hö gmander and Møller 1995). However, the results of the significance tests are clear enough so as to be robust to some bias in the estimation error variation.
The full model had habitat association, human environments and wing form as factors, and body size and ecological specialisation as variates, with main effects and first order interactions included. Additionally, we regressed these five characteristics against abundance in an attempt to unravel the effect of ecological specialisation on abundance.
Four hypotheses proposed for explaining abundancerange size relationships could not be tested using our atlas data, mainly because there is not enough information available. These include the resource availability, the habitat selection, the metapopulation dynamics and the vital rates hypotheses. For more details on these hypotheses, see Gaston et al. (1997b) .
Results
According to the atlases, 379 carabid species were present in Belgium, 314 in Denmark and 380 in the Netherlands. Belgium and Denmark had 267 species in common, Belgium and the Netherlands 330, Denmark and the Netherlands 291, and all three countries shared 264 species. The number of species at the edge of their distribution was similar in Belgium (92 species, 24% of the species) and Denmark (87 species, 28%), but higher in the Netherlands (157 species, 41%).
Carabid faunas of each of the three countries showed significant positive abundance-range size relationships (Table 2, Fig. 1 ). However, the variance in mean abundance decreased with increasing range size (the relationship is ''heteroscedastic''). The residuals appeared to be normally distributed, with only an occasional outlier (Table 2) .
Even after fitting a range of different distributions to the Dutch data, the abundance-range size relationship was still significantly positive (Fig. 2) . Indeed, the estimate of the slope was robust to most of the models, with the exception of the truncated negative binomial distribution, although even then the slope was still significantly positive. As making the corrections had little effect on the magnitude of the slope, all subsequent analyses were performed on the uncorrected data sets. Analyses performed on all data sets corrected with a truncated Poisson distribution gave similar results to those for the uncorrected data sets (it was not possible to estimate the parameters of the other distributions from only the mean abundance). These analyses indicate that, at least for the Netherlands, the sampling artifact hypothesis did not explain the positive abundance-range size relationship.
After genus and range position were included in the model, range size still had a significant effect on abundance ( Table 2) , implying that the positive relationships between mean abundance and range size does not depend on the effects of phylogeny or range position. Table 2 . Weighted* least-square regression testing the effect of carabid genera † (phylogenetic non-independence hypothesis) and edge species (range position hypothesis) on the abundance-range size relationship. This is a model with all interactions. Grids was included last because we wanted to test whether the other factors could cause the observed pattern, and the terms were added sequentially. Certain genera were, however, consistently more widespread than others. For example, in all three countries, species of the genus Pterostichus were twice as widely distributed as species of the genera Bembidion or Harpalus (Table 3) . Range edge species had both smaller range sizes and lower mean abundances compared to range central species (Table 4 ; Fig. 1 ). Generalist species were significantly more widespread than specialists, and species associated with human environments were significantly more widespread than species that are not (Table 5 ; Figs 3 and 4) , indicating that the resource breadth hypothesis is supported by the data. Furthermore, wing-dimorphic species were significantly more widespread than short or long winged species, and large-bodied carabids were significantly more widespread than small-bodied species (Tables 5 and 6; Fig. 3 ). Ecological specialisation and habitat association appeared to be independent measures because alternating the order in which these factors were entered into the models did not change the results (Table 5 ).
Source of variation
After range size had been taken into account, specialisation did not affect mean carabid abundance in Belgium and Denmark, but it did in the Netherlands (Table 7) . However, when range size was not included in the models, carabid generalists were significantly more abundant than specialists (Belgium: F 1,247 = 29.027, p B 0.001; Denmark: F 1,202 = 12.803, p B 0.001; the Netherlands: F 1,201 = 66.158, p B 0.001). This is mainly because abundance and range size are significantly positively correlated (Table 2 ; Fig. 1 ). The main problem here is that of causality. Are carabid beetles more abundant locally because they are widespread or are they widespread because they are abundant locally? There is no simple answer to this question.
Discussion
Carabid beetles showed a significant positive relationship between abundance and range size in three European countries. This result adds to the evidence for a Fig. 2 . Slope estimates and 95% confidence intervals for different corrections of the abundance-range size distribution. All models showed a significant positive slope, meaning that the relationship between carabid abundance and range size remained significantly positive, regardless of distribution model used. 
Artifactual mechanisms were not supported
Studies of abundance-range size patterns have paid particular attention to artifactual mechanisms (Brown 1995 , Gaston and Blackburn 1996 , Gaston et al. 1997a , Pyron 1999 . Although sampling error can contribute to a positive abundancerange size relationship, the relationship is not changed when using different models to correct for this error. Therefore, this error appears to be small in our study (Fig. 2) , and sampling error can be discarded as an explanation for the abundance-range size patterns. Even if we cannot definitively declare limits of the geographic range as real, as Brown (1984) was able to do for North American land birds, it can at least be concluded that they are sufficiently well described so as not to affect the general conclusions. Gaston et al. (1997a, b) stated that the phylogenetic relatedness of species has seldom been accounted for in positive relationship between abundance and range size in taxa as diverse as plants (Thompson et al. 1998 ), parasites of bumblebees (Durrer and Schmid-Hempel 1995) , and birds and mammals (Blackburn et al. 1997 , Poulin 1999 . Of the four mechanisms tested, only the resource breadth hypothesis was supported by our data. However, the relationship may not have a single, universal explanation (Hanski et al. 1993 , Gaston et al. 1997b ). Table 1) : N -H -whether the species occur in natural or human environments; wing form -three wing forms were identified, macropterous, dimorphic, brachypterous; body size -beetles were divided into five size categories from 0-2.9 mm to \ 16.9 mm; S -G -ecological amplitude divided into five categories from strict specialist to strict generalist; habitat -12 habitat types were identified. Fig. 3 . Mean range sizes (9 1SE) per carabid beetle characteristic. Three characteristics are shown here; wing form (M=macropterous, D= dimorphic, B =brachypterous), body size (five classes starting at 0 -2.9 mm to \ 16.9 mm) and specialisation (S = strict specialist, S-avg = average specialist, Avg = average speciality, G-avg = average generalist, G = strict generalist).
the analysis of abundance-range size relationships, but suggested that in studies where this was done, it did not affect the conclusions. Our results are in agreement with this notion, as individual genera did not contribute to the observed positive relationship between abundance and range size. Our study suggests that phylogeny cannot explain, or does not cause the positive relationship between abundance and range size. The range position hypothesis suggests that a positive abundance-range size relationship can result from the distribution of species in relation to the area studied, i.e. the relationships observed can be an artifact dictated by political boundaries (Gaston 1990) . Although significantly positive relationships were found for the three countries studied when edge species were excluded from the analyses, these relationships did not differ from those with edge species included. Therefore, the data do not support the range position hypothesis.
In terms of European geography, Belgium, Denmark and the Netherlands are at the edge of the continent, and it is not always clear whether a species is at its true distributional edge in these countries. Indeed, Blackburn et al. (1999) argue that although it is often easy to see approximately where a species' range edge lies, it is much more difficult to pinpoint the exact edge. Obvious edge species were removed from our data, but other, potential edge species could have been removed. However, it is unlikely that this would have changed the results, as that would have implied that ''almost edge'' species were behaving differently from edge and central species. Additional support for the rejection of the range position hypothesis comes from another prediction of the hypothesis; that the abundance-range size relationship may tend to be lower triangular, with a larger variance in abundance for more widespread species, because species close to the edge of their geographical ranges may be quite widespread in the study area but still locally rare (Gaston et al. 1997b) . Our results did not support this prediction, indeed, the variance in carabid abundances was larger for less widespread species.
It is also worth noting that carabid species close to the edge of their ranges had small mean geographic ranges and low mean local abundances. This result lends support for the generally observed pattern of decline in local abundances and lower patch occupancy of species towards the edges of their geographic ranges (Hengeveld and Haeck 1982 , Lawton 1993 , Gaston et al. 1997a ).
Resource breadth hypothesis is supported
According to the resource breadth hypothesis (Brown 1984) , species that exploit a variety of resources are more widespread. Our data supported this expectation as generalist carabid species (species with wide niche breadths occurring in a variety of habitat types) were significantly more widespread than specialists (species Table 6 . Estimates of the effect sizes of the significant factors per country (see Table 5 ). SE =standard error. with small niche breadths occurring in only one or two habitat types). Some studies have shown similar patterns in a range of animals including invertebrates (Kolasa et al. 1998) , fish (Pyron 1999 ) and mammals (Eeley and Lawes 1999) , contradicting conclusions of others (Hanski et al. 1993 , Gaston et al. 1997b , Gregory and Gaston 2000 . However, it is difficult to explain why generalist species should also be locally abundant (Gaston et al. 1997b ). Intuitively, generalists should not be locally more abundant than specialists because this would imply that ecological specialisation has no advantages (Hanski et al. 1993) . Our Belgian and Danish data showed little change in mean abundance with specialisation once range size ECOGRAPHY 26:5 (2003) was taken into account, which appears to contradict the notion that there is a tendency for specialist species to be scarce, while generalist species have higher local population densities (Brown 1984 , Taylor et al. 1993 , Quinn et al. 1997 ). However, the relationship between range size and abundance was not controlled for, and it could be that specialist species were less numerous because they were less widespread. The problem here is that of inferring cause from correlation. Most analyses of the abundance-range size relationship have implicitly assumed that range size ''causes'' abundance (as abundance is regressed against range size), but in reality the relationship is probably more complicated. The two parts of the metapopulation hypothesis explicitly provide mechanisms by which abundance can affect range size, and vice versa (see Gaston et al. 1997b ).
Carabid species found in anthropogenic environments tend to have broader environmental associations than species in natural habitats (Tables 5 and  6) , which provides additional support to the resource breadth hypothesis (Gaston et al. 1997b ).
To summarize, our data support the resource breadth hypothesis. We suggest that specialisation affects species range size, which in turn is related to abundance. Since there is considerable variation in abundance at low and intermediate range size, and because of the interdependence of local abundance and range size (Gaston 1990) , specialisation and abundance are not always significantly correlated, once the effect of range size has been removed. However, abundance and range size are correlated, but it is not always clear which is cause and which is effect.
Landscape change and the abundance-range size relationship
Belgium, Denmark and the Netherlands have experienced a significant reduction, destruction and isolation of natural habitats, especially since the mid-20th century (Hengeveld 1985 , Turin and Den Boer 1988 , Desender and Turin 1989 . These changes are important from a nature conservation point of view because geographically restricted species tend to have small local populations, making them vulnerable to extinction (Lawton 1993, Blackburn and . For instance, range size and local abundance were more important determinants of marsupial extinction probability than differences in fecundity or body size (Johnson 1998) . Also, threatened wildfowl species had small population and geographic range sizes (Gaston and Blackburn 1996) .
In our study, specialist carabid species outnumbered generalists (Belgium 139 to 72 species; Denmark 96 to 69; the Netherlands 94 to 70) (see also Taylor et al. 1993) , which indicates that a large num-ber of species is potentially vulnerable to habitat alterations. Indeed, 142 carabid species (nearly 34% of the species pool) are endangered in western Europe (Denmark, Netherlands, Belgium and Luxembourg), with a large proportion being habitat specialists, intolerant of agricultural intensification (Turin and Den Boer 1988 , Desender and Turin 1989 , Kotze and O'Hara 2003 . The small number of species that favour human-altered environments, on the other hand, showed a significantly larger range size than those that are not associated with such habitats in our study.
Overall, habitat fragmentation will lead to range contraction of many species (Gaston 1990 ), but how this will influence local abundance is unclear. Hanski (1991) predicted that local abundance would decrease with increased isolation of habitat patches as a result of lower levels of migration. Isolated habitat patches will therefore have high extinction rates. The habitat selection hypothesis predicts that species that have undergone major reductions in total population abundance from density-independent events, such as fragmentation, will both have reduced ranges and occupy fewer habitats after the event. Examples to this effect are found in European carabids (Desender et al. 1999 , Niemelä 2001 . For instance, Carabus nitens L., which was once common in Europe's large heathland areas, is now threatened because of fragmentation and disappearance of this habitat type (Assmann and Janssen 1999) . Even if suitable patches are available in some areas, the species may not be able to recolonise fragments that have once faced local extinction, indicating that fragmentation indeed has a negative effect on this species.
The effects of fragmentation may be further complicated by time lags between the fragmentation event and the subsequent extinction of a species, the ''extinction debt'' (Thompson et al. 1998 , Hanski 2000 . In our study, carabid species in the upper left-hand corner of the abundance-range size relationships may be in this situation, and be remnants of formerly widespread species that are now patchily distributed, due to habitat destruction, but still locally abundant.
Although many species might have experienced dramatic range contractions, others are increasing in range size and local abundance. The atlases indicated that 68 (17.9%) Belgian species, 62 (19.7%) Danish species and 73 (19.2%) Dutch species are increasing in either range size or number of records. Examples include Pterostichus melanarius Ill., a generalist species increasing its range size in Europe (Turin 2000) , and in North America where it has been introduced (Niemelä and Spence 1991) . This and other examples suggest that ecological flexibility favours invasion ability, and lend further support for Brown's (1984) resource breadth hypothesis (Lawton 1993) . Fig. 5 . A general, theoretical relationship between abundance and range size for carabids in northern Europe.
